The dynamics of the interrelationships among the financial markets in the Greater China area including Mainland China, Taiwan, and Hong Kong, is a noteworthy issue of economic research. This is not only because the financial markets in this region have grown rapidly over the past decade, but also because of the arguably asymmetric integration of the emerging Chinese economy with advanced countries in the real side of the economy and tight control over financial market. Since its establishment in the early 1990s, the Mainland Chinese stock market has expanded rapidly in terms of capitalization, turnover, and the new listings. Even though the stock markets in the Greater China region have developed independently and with different institutional features, cross-market linkages can be observed in terms of the increasing number of Mainland companies listed in the Stock Exchange of Hong Kong and closer economic ties in the Greater China region. It is believed common factors that affect all economies drive financial integration, while the emerging markets are more likely to be influenced by local events. Recently there have been a number of studies that assess the financial market integration by employing different GARCH models with time-varying conditional correlations. Despite the growing importance of the Greater China stock markets and their dynamic interactions, there have been only a few studies on this issue with a mixed result. Moreover, most of these studies have not analyzed the volatility dynamics of the Greater China stock markets in a multivariate framework, and there is hardly any extensive discussion of the presence of volatility persistence in these markets. This would create potential model misspecification and may generate biased results.
INTRODUCTION
The dynamics of the interrelationships among the financial markets in the Greater China area including Mainland China, Taiwan, and Hong Kong, is a noteworthy issue of economic research. This is not only because the financial markets in this region have grown rapidly over the past decade, but also because of the arguably asymmetric integration of the emerging Chinese economy with advanced countries in the real side of the economy and tight control over financial market. Since its establishment in the early 1990s, the Mainland Chinese stock market has expanded rapidly in terms of capitalization, turnover, and the new listings. Even though the stock markets in the Greater China region have developed independently and with different institutional features, cross-market linkages can be observed in terms of the increasing number of Mainland companies listed in the Stock Exchange of Hong Kong and closer economic ties in the Greater China region. It is believed common factors that affect all economies drive financial integration, while the emerging markets are more likely to be influenced by local events. Recently there have been a number of studies that assess the financial market integration by employing different GARCH models with time-varying conditional correlations. Despite the growing importance of the Greater China stock markets and their dynamic interactions, there have been only a few studies on this issue with a mixed result. Moreover, most of these studies have not analyzed the volatility dynamics of the Greater China stock markets in a multivariate framework, and there is hardly any extensive discussion of the presence of volatility persistence in these markets. This would create potential model misspecification and may generate biased results. This paper proposes a unified approach to the modeling of volatility dynamics of the Greater China area stock markets by adopting a multivariate framework that simultaneously incorporates asymmetries, persistence and dynamic, time-varying correlations. In particular, we adopt two different classes of the generalized autoregressive conditional heteroscedasticity (GARCH) models that nest many popular versions of the GARCH model, to assess the dynamic linkages among the stock markets in the Greater China region and to examine asymmetric volatility and long-memory persistence of shocks in these markets. Strong volatility persistence can have implications for hedging. Our framework ensures the positive-definiteness of the conditional variance-covariance matrix once parameter estimates are obtained. Unlike the bivariate ARCH model of Engle et al. (1984) and the vech-representation of Bollerslev et al. (1988) , we do not require excessive restrictions on the parameters to guarantee the positive-definiteness of the variance-covariance matrix. Moreover, our multivariate approach is more parsimonious compared with the Baba-Engle-KraftKroner (BEKK) model of Engle and Kroner (1995) and the factor model of Diebold and Nerlove (1989) . Parsimony helps to ensure the tractability of estimating the parameters, especially when many data sets are involved. Also, our approach is more efficient than Engle's (2002) Dynamic Conditional Correlation (DCC) approach, as the parameters for the volatility and correlation equations are concurrently estimated in one step. We believe that it is important to use the multivariate framework to examine the volatility dynamics of the Greater China stock markets, in spite of the potential computational complexities involved. This is partly because many asset returns are subject to similar information or events and their volatilities may be correlated conditional on the given information set. The multivariate framework incorporating the possible asymmetric volatility effects will contribute to our better understanding of the interdependence and integration among the stock markets in the Greater China region. Furthermore, measuring and forecasting financial market volatility is paramount to asset and derivative pricing, asset allocation, and risk management. Understanding how volatility evolves over time in Greater China's stock markets is particularly important for the development of robust derivative markets in this region.
The rest of this paper is organized as follows. Section 2 outlines the econometric methodology employed in this study. The next section then provides brief background information of the stock markets, discusses the data sets employed in this paper, and analyzes the estimation results. Section 4 concludes with some remarks on the implications of our findings.
METHODOLOGY AND THE MODEL
We first briefly describe the basic features of the multivariate GARCH(1,1) model with time-varying (dynamic) conditional correlations and then extend the model to incorporate the features of asymmetric volatility and long-memory persistence.
Let y t = (y 1t , y 2t , y 3t …y kt )' be the k-variate vector of variables with time-varying variance-covariance matrix H t , and let µ it (ξ i ) be the arbitrary conditional mean functions which depend on ξ i , a column vector of parameters, for i=1,2,…,k. A typical k-variate GARCH(1,1) model can be specified as follows: 
where (3) is the popular Bollerslev's (1986) GARCH (1,1) Assuming conditional normality of the variables, the log-likelihood function of the model can be specified as
where ε it are the random disturbance terms obtained from equation (1), and H t is the conditional variancecovariance matrix.
Equations (1)- (5) summarize the gist of the varying-correlations GARCH (VC-GARCH) model of Tse and Tsui (2002) . As noted by Tse and Tsui (2002), Bollerslev's (1990) constant-correlations GARCH (CC-GARCH) model is nested within the VC-GARCH model under the restrictions π 1 = π 2 = 0. Thus, the likelihood ratio test can be readily applied to compare the performance of these two models.
In order to incorporate the feature of asymmetric volatility in the VC-GARCH model, we choose the following two well-established structures, namely the quadratic GARCH(1,1) (QGARCH(1,1)) model proposed by Sentana (1995) , which is closely associated with Engle's (1990) asymmetric GARCH (1,1) (AGARCH(1,1)) model; and the asymmetric power ARCH(1,1) (APARCH (1,1)) model of Ding et al. (1993) . The QGARCH(1,1) model is specified as follows:
where γ is the asymmetric coefficient. When γ = 0, equation (6) becomes the GARCH(1,1) model, and when γ = β = 0, it becomes the prototype ARCH(1) model. The asymmetric power ARCH(1,1) model can be specified as follows:
where γ is the asymmetric coefficient.
To model the long-memory dynamics in volatility, we derive the fractionally integrated asymmetric GARCH (FIAGARCH) model by generalizing the conditional variance equations following the BBM procedure (Baillie et al., 1996) , expressed as follows,
. And the Fractionally Integrated Asymmetric Power ARCH (FIAPARCH(p,d,q) ) model modifies the FIGARCH process to allow for asymmetries, which can be specified as,
In particular, the FIAPARCH(1,d,1) model is specified as:
Similar to the FIAGARCH(1,d,1) model, the FIAPARCH(1,d,1) model allows past shocks to have asymmetric effects on the conditional volatility. When >0, negative shocks give rise to higher volatility than positive ones. The reverse applies if <0.
The parameters of the different multivariate fractionally integrated GARCH-type models can be estimated using Bollerslev and Wooldridge's (1992) 
EMPIRICAL ANALYSIS

Data Description
The following data sets are used to examine the volatility dynamics of the Greater China markets: the Shanghai Composite Index (SHSCOMP), the Shenzhen Composite Index (SHZCOMP), the Taiwan Weighted Index (TAIWGHT), the Hang Seng Index (HNGKNGI), the Shanghai A-share and B-share Indices (SHSASHR, SHZBSHR), and the Shenzhen A-share and B-share Indices (SHZASHR, SHZBSHR). All four markets commenced trading on different dates: the oldest market is the Hong Kong Stock Exchange Ltd, which was formed in 1947, whereas the youngest market is the Shenzhen market, which started on April 3, 1991. The Shanghai market started trading slightly earlier than Shenzhen market on December 19, 1990. During the period from December 19, 1990 to May 20, 1992 , the government imposed a daily price limit on the Shanghai market, which restricted changes to the share price within a 5% band. 
Empirical Results
We have estimated three different combinations of the stock markets in the Greater China region, and report in Table 2 the estimation results of the VC-GARCH, VC-QGARCH and VC-APARCH for the group including HKNGI, TWGHI, CHSASHR and CHZASHR. Tables 3 and 4 reports the estimation results of FIGARCH, FIAGARCH and FIAPARCH, and the asymmetric parameters. The results for other two groups are available upon request. As it can be seen from Tables 2-4 , there is significant evidence that corroborates the existence of asymmetries in the volatility of the Taiwan and Hong Kong stock markets. Both markets exhibit the leverage effect, whereby negative shocks have a greater impact on future volatility levels compared with positive shocks of the same magnitude. Apparently, this finding is robust to changes in model specification and time periods. The estimated values of the asymmetry parameter γ for the Taiwan Weighted Index are 0.2519 (0.2713) and 0.0984 (0.8181) for the VC-APARCH (VC-FIAPARCH) and the VC-QGARCH (VC-FIAGARCH) models, respectively. The results for the mainland Chinese markets show a similar pattern of return volatility, and both markets display significant leverage effect for the VC-AGARCH, VC-APARCH, VC-FIAPARCH and VC-FIAPARCH models, which is reasonably consistent across different time periods. It is interesting to note that the return volatility of the A-share markets exhibit some evidence of significant asymmetries, but not in the B-share markets. For instance, the asymmetry parameter of the Shenzhen A-share market is significant at approximately 5% for the VC-FIAGARCH, VC-FIAPARCH, VC-APARCH, and VC-QGARCH models. In the case of the Shanghai A-share market, the parameter γ is significant for the VC-FIAGARCH, VC-APARCH and VC-QGARCH models. In contrast, the B-share markets do not display statistically significant leverage effects. The major reasons for the volatility asymmetry of the greater China stock markets may be due to the financial leverage effect; the volatility feedback effects; and the presence of investors with heterogeneous expectations in the stock market. It is noted that there is lack of institutional investor trading in the A-share markets, and the trading values of the Shanghai and Shenzhen stock markets are contributed virtually by the individual investors.
As can be seen from Bollerslev-Wooldridge (1992) standard errors are given in parentheses. Markets markets are significantly different from zero and one. This may suggest that ignoring the feature of asymmetry could overestimate the degree of long range persistence in volatility. The results indicate that there could be a common degree of fractional integration/long memory among some of the markets.
CONCLUDING REMARKS
We have examined the volatility dynamics of the stock markets of the greater China region using daily returns data from 1992 to 2006, and found the existence of volatility persistence and asymmetries. In particular, the results show that only the B-share markets do not exhibit statistically significant asymmetries, and this result is consistent across different model specifications. Also, conditional correlations among the markets are significantly time-varying. There is some evidence that correlations between some markets are strengthening over time. Judging from the unconditional standard deviation of the returns of the various indices, it appears that the A-share market is more volatile than the B-share market, and that the mainland Chinese markets exhibit greater fluctuations than their counterparts in Hong Kong and Taiwan. However, this claim is misleading when we analyze the conditional volatility of all the markets, since the B-share markets are apparently more volatile than the A-share markets after 1997. Furthermore, there are some periods when the mainland Chinese markets have significantly lower volatility relative to the Hong Kong and Taiwanese markets. This finding suggests that it is not necessarily true that the emerging markets are always more volatile than the developed markets. Equally important, the greater China markets apparently share a common degree of volatility persistence (fractional integration).These findings have various implications for asset allocation and portfolio management.
